ABSTRACT: Water content is one of the most important factors influencing rock strength. Considerable research has been carried out to investigate rock strength under both dry and water saturated conditions for different types of sandstones. According to these results, the petrophysical components of rocks (i.e. uniaxial compressive strength, elastic modulus, tensile strength) decrease with increasing water content and this can result in an increase in the mechanical compliance in some cases. In several cases, the strength decrease is remarkable after only 1% water saturation. For rock mechanics and rock engineering projects, it is strongly recommended that the dry uniaxial compressive strength is used for the purposes of strength classification, while for the actual engineering design it is essential to establish the wet strength and ideally the water sensitivity of the rock, in order to asses their potential change in strength and deformability. The goal of this paper is to show a method for calculating the sensitivity of sandstone rocks to water content, using the different published data. From measurements of the density and the uniaxial compressive strength in case of dry and saturated petrophysical states, the strength as a function of water content can be easily determined.
INTRODUCTION
investigated the influence of the water content on the strength and deformability of 35 different British sandstones from 21 localities, ranging in age from Pre-Cambrian to Cretaceous.They published values for the measured uniaxial compressive strength and for the tangent and secant deformation moduli in case of dry and fully saturated conditions. Vásárhelyi (2003) analyzed the published data and showed that there is a linear correlation between the dry and fully saturated uniaxial compressive strengths, σ c0 and σ csat respectively (Fig. 1) . The overall best-fit equation for the 35 investigated sandstones is:
The same results were found for investigating the relationships between the dry and saturated petrophysical state the secant and tangent modulus, as well -they were decreased about 20% in both cases (Vásárhelyi, 2003) . According to Vásárhelyi (2005) , the decreasing value in case of fully saturated condition should be rock type dependent.
The results of Kleb & Vásárhelyi (2003) and Vásárhelyi (2002 Vásárhelyi ( , 2005 show clearly, that the ratio Figure 1 . Relationship between the dry and the saturated uniaxial compressive strength (UCS) for 35 British sandstones (Vásárhelyi, 2003) .
between the different petrophysical constants (i.e. uniaxial and tensile strengths, modulus of deformation) is independent to the water content. Investigating highly porosity limestones, an exponential equation was found between the strength and the density:
where ρ is the density (dry or saturated), and α and β are material constants, which are depending on the petrophysical state. Similar relationship was found for the Young's modulus and the tensile strength, as well (Vásárhelyi, 2005) . These material constants were determined for different types of tuffs (Vásárhelyi, 2002) .
RELATIONSHIP BETWEEN THE MOISTURE
CONTENT AND THE STRENGTH Hawkins and McConnell (1992) carried out tests to determine the influence of the water content on the strength of 15 different types of sandstones. They found that the relationship between water content and uniaxial compressive strength could be described by an exponential equation of the form:
where σ c(w) is the uniaxial compressive strength (MPa), w is the water content (%) and a, b, and c are constants. It is obvious that the strength at zero water σ c(0) = a + c and the strength at full saturation σ c(sat) = c (the schematic curve is plotted in Figure 2 ). The parameter b is a dimensionless constant defining the rate of strength loss with increasing water content. The determined constants for each of the 15 different types of sandstones (published by Hawkins & McConnell, 1992) with the respective R-values are listed in Table 1 . Figure 3 shows the best-fit lines plotted for the 15 different rock types for water content values up to 5%. It is apparent that the strength of the rock is very sensitive to the water content; an increase in water content of as little as 1% from the dry state can have a marked effect on strength. The parameter b characterizes this sensitivity, with larger values corresponding to more sensitive materials. Hence, the b parameter should be very important for rock engineering design, particularly in the context of abandoned mines where the groundwater will rebound (Li & Reddish, 2004) . Table 1 . Numerical values of constants a, b, and c and respective R-value for best-fit exponential equations (according to Hawkins & McConnell, 1992 Figure 3 . Strength-moisture content curves, fitted to experimental data up to 5%.
CALCULATING THE SENSITIVITY OF WATER CONTENT IN ABSOLUTE SCALE
The disadvantage of the analysis method of Hawkins and McConnell (1992) is that the saturated condition differs for each of the investigated sandstones, i.e. the absolute water content at full saturation can be very different. Further, the suggested fitting curve of equation (3) of Hawkins and McConnell changes if the relative water content goes to infinity. For a better representation of the water dependence, we suggest a recalculation of the material constants b, with the water content expressed using an absolute measure such as the degree of saturation, S.This means that for all rocks, S = 0 in the case of dry condition and S = 1 in the case of fully saturated condition. The dimensionless constant b* can be easily determined from the published data using the following equation:
Equation (4) However, we suggest a different form for the exponential function of equation (3), considering that the fully saturated condition is achieved at 100% water content. In the proposed expression, given by equation (4), the exponential dependence is preserved but the parameters a and c are changed.
Here, the previous relation between the parameters a * and c * is preserved as a * + c * = σ c(0) , however, now the value of c * is now given by
The corresponding rock types can be identified from their dry strength values (Vásárhelyi & Ván, 2006) . One can see that there are some rocks where there is a significant difference in the strength between wet and dry, corresponding to a water content change of as much as 30%. The previously noted small variance of the b * values is also apparent from Figure 4 , where the relative strength is plotted as a function of the relative water content.
Knowing the water content under fully saturated conditions, the constant b in relative scale can be related to b * according to:
where n eff is the effective porosity of the rock. The relationship between the b-value and the effective porosity (n eff ) can be seen in the plot in Figure 5 , where the results of Hawkins and McConnell (1992) are shown together with the results of Bell (1978 Bell ( , 1995 and 4 Hungarian sandstones (investigated by Török & Hajpál, 2005) . These results are also presented in Table 2 . The calculated b * and b values with the experimental result b value for the published sandstones (Hawkins & McConnell, 1992 
CONCLUSION
A method for estimating the sensitivity of sandstone to its water content has been presented. From an analysis of the results of Hawkins and McConnell (1992) , this sensitivity is found to be highly dependent on the effective porosity (n eff ) and to be applicable to more than the strength reduction. An advantage of the presented method is that fewer tests are necessary for calculating the influence of the water content on the rock properties. From measurements of the density and the uniaxial compressive strength in case of dry and saturated petrophysical states, the strength as a function of water content can be easily determined, both in terms of relative (i.e. water content as a percentage of the rock mass) and absolute (i.e. degree of saturation) scales.
According to the results of Vásárhelyi (2002 Vásárhelyi ( , 2003 Vásárhelyi ( , 2005 , the sensitivity of other mechanical constants (i.e. Young's moduli, tensile strength etc.) to changes in water content is likely to be similar to the sensitivity of the uniaxial compressive strength, and thus, this method could be used to estimate the water content sensitivity of these mechanical properties, as well.
